We discuss the possibility to realize sharp Fano scattering signatures in the ultraviolet (UV) range, based on dipolar scattering of nanoparticles. At these frequencies, material losses usually do not allow sharp resonant effects, hindering plasmonic applications based on higher-order multipolar modes, like conventional Fano resonances. We propose to excite degenerate scattering states supported by core-shell nanoparticles made of a sapphire core and an aluminum shell. We predict enhanced, highly confined fields, supporting sharp far-field scattering signatures from single nanoparticles and planar arrays of them. These results may lead to the design of UV filters, photodetectors, sensors, and energy-harvesting devices. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4823575] Significant research efforts have been recently dedicated to enhancing and engineering the interaction of light and matter at subwavelength dimensions. This interest has fostered the growth of the recent research field of plasmonics, demonstrating great potential towards combining the miniaturized dimensions of semiconductor electronic technology with the large data rates and enhanced bandwidth performances achieved by photonic devices. 1 Exciting applications have been envisioned based on the strong confinement of light in deeply subwavelength dimensions. 2 One of the most interesting effects enabled by plasmonics is the ultra-sharp Fano resonant scattering response supported by metallic nanostructures at optical and infrared (IR) frequencies. [3] [4] [5] [6] [7] These asymmetric resonances are usually based on the interaction between dipolar bright modes with higher-order, more narrowband dark modes. 3 Their characteristics have shown great benefits in various scenarios, in particular, for optical filtering, sensing, lasing, and slow-light applications.
The involvement of higher-order modes (quadrupoles, octupoles, etc.) leads to enhanced stored energy in the plasmonic device, which translates into higher sensitivity to the Ohmic losses typical of metals at optical frequencies. Furthermore, conventional plasmonic Fano resonances, arising from the interference between two different scattering orders, can be usually observed only over a portion of the angular spectrum due to interference. Recently, it was proposed that similarly sharp Fano-like resonant signatures can be obtained by the interaction of purely dipolar modes. [8] [9] [10] [11] [12] [13] In our recent works, we showed that this possibility may be controlled by closely coupling in the frequency spectrum cloaking and resonant states of a symmetric and isotropic nanoparticle. In this case, a dipole-dipole Fano-like response can be observed for all angles of incidence and in the total scattering cross section (SCS), even for a single nanoparticle. Moreover, enhanced fields are obtained at this sharp dipolar resonance, strongly confined at the core of the nanoparticle, all across the Fano spectrum. Depending on how these states are excited, these resonant phenomena may be made more or less sensitive to the background medium and the core material, 12 providing an unprecedented flexibility to realize different functionalities. A plethora of applications has been envisioned from these plasmonic structures, such as robust sensors, 11 nano-biomarkers 12 and efficient nonlinear alloptical switches. 10 Until now, the most common materials considered for plasmonic applications have been silver, copper, and gold, because they can sustain efficient excitation of both propagating and localized surface plasmons at optical frequencies. However, they suffer from inherent disadvantages, such as increased losses, high cost, and low abundance on Earth, 13 which set severe limitations towards the future commercial applications and mass-production of plasmonic devices based on these materials. Alternatively, it was demonstrated that efficient plasmon excitation combined with relatively low losses can also be sustained at mid-infrared frequencies using doped semiconductor materials. 12, 14, 15 Comparatively, less research attention has been dedicated to plasmonic effects occurring at very high frequencies, such as in the ultraviolet (UV) spectrum. This is mainly because the aforementioned noble metals and semiconductors have lower plasma frequencies compared to the UV frequency range and, as a result, they are mostly transparent and do not exhibit plasmonic behavior in such regimes. Aluminum (Al) is the ideal material to sustain surface plasmons at UV wavelengths, due to its high plasma frequency ($15 eV or k ¼ 85 nm). In addition, Al is the third most abundant element on Earth, which makes it cheap and ideal for mass-production. Interesting and diverse applications have been recently envisioned at UV frequencies based on Al plasmonic devices, such as boosted nonlinear operations, 16 efficient surface-enhanced Raman scattering (SERS) substrates, 17, 18 plasmonic nanoantennas, 19 enhanced fluorescence, 20, 21 extraordinary optical transmission gratings, 22, 23 and energy harvesting devices. Less attention has been paid to plasmonic structures exhibiting Fano resonances at UV frequencies, which may be used, for instance, as sharp solar blinds to isolate portions of the UV frequency spectrum, while transmitting optical radiation, or as sensitive nanosensors and photodetectors. The reason for the comparatively less amount of research on this topic is the larger loss factor of Al in the UV compared to other noble metals at lower frequencies, which hinders higher-order resonances on which conventional Fano responses are based. In this letter, we explore the possibility to induce dipole-dipole plasmonic Fano resonances at UV frequencies supported by properly engineered core-shell subwavelength nanoparticles, similar to the concept proposed in Ref. 10 for operation in the visible. The proposed geometry, shown in the inset of Fig. 1(b) , is composed of a sapphire (Al 2 O 3 ) dielectric core with radius a c surrounded by a metallic shell made of aluminum with radius a. According to the theory presented in Refs. 10-12 for thick, subwavelength plasmonic shells, the electric dipolar response of this nanoparticle can present an ultrasharp degenerate resonant state when e Al ¼ Àe Al 2 O 3 =2. Under this condition, the frequency dispersion of a cloaking (dark) state merges with the one of a resonant (bright) state, producing an asymmetric Fano-type resonance in the scattering spectrum. Since the two interfering states are associated with the same dipolar scattering mode, we are able to realize an asymmetric, sharp Fanoresonant scattering signature with a single, isotropic, and center-symmetric subwavelength scatterer.
The scattering performance of the proposed nanoparticle is quantitatively analyzed using the well-established Mie scattering theory. 25 Realistic losses are considered for both Al and Al 2 O 3 , their permittivity values are obtained from experimental data 26 and the nanoparticle is embedded in free space. The normalized SCS of a subwavelength core-shell nanosphere with inner layer radius a c ¼ 3 nm and outer radius a ¼ 8:5 nm is computed and plotted in Fig. 1(a) . Interestingly, the normalized SCS can go from À13 dB [point I in Fig. 1(a) ] to almost À30 dB [point II in Fig. 1(a) ] in a narrow wavelength range. Note that this sharp Fano resonant linewidth is obtained at deep-UV frequencies, where most metals are actually semi-transparent, while dielectric nanoparticles do not generally show peculiar scattering signatures because dielectric materials are opaque in this wavelength range, due to their largely increased absorption around the interband transitions. Realistic losses of plasmonic and dielectric materials have been fully taken into account in our calculations, accurately reflecting the response of a realistic structure implementable within current nanofabrication techniques.
The inset of Fig. 1(a) shows two snapshots in time of the E x field component at the high scattering point I (resonance) and low scattering point II (cloaking). Enhanced and strongly confined fields are obtained inside the composite nanoparticle for both resonant and cloaking states. In contrast, outside the core-shell particle, the fields are dramatically different across the linewidth of the UV Fano resonance. In the resonant state (point I), large scattering efficiency is observed, similar to ordinary dipolar plasmonic resonances supported by silver or gold nanoparticles at optical frequencies. 2 Conversely, in the cloaking state (point II), the impinging fields travel around the scatterer almost unperturbed, similar to scattering cancellation designs proposed in Refs. 27 and 28. It is interesting that such strong variation of the field distribution can be achieved over a narrow frequency range, which indicates a strong and peculiar interaction of the subwavelength nanoparticle with UV radiation. In Fig.  1(b) a cross-section of the field enhancement ðjEj=jE inc jÞ is plotted along the x-axis crossing the center of the nanoparticle at the resonant (point I/red line) and cloaking (point II/ blue line) wavelengths. Enhanced fields are obtained inside the plasmonic nanoparticle across the entire Fano spectrum shown in Fig. 1(a) and are strongly confined at the interface between the Al shell and the sapphire core. In this case, a strongly localized plasmon is formed, and the higher field enhancement at the metallic shell side observed in the figure can be explained by applying the boundary condition on the radial component of the electric displacement vector at this interface. Even at the cloaking frequency, significantly enhanced fields are observed in the core, which may be of interest to boost nonlinear effects at UV frequencies, as demonstrated for optical antennas 29, 30 and epsilon-near-zero plasmonic waveguides 31 at optical frequencies. These features may lead to the design of low-intensity memories, switches, and sensitive tunable sensors at UV wavelengths.
Next, we check the effect of different dielectric background materials in the scattering response of the proposed plasmonic nanoparticle. The UV Fano dispersion is plotted in Fig. 2 as a function of the surrounding medium permittivity. It is evident that the asymmetric Fano response is only slightly affected by variations of the background permittivity, which is consistent with the results presented in Ref. 12 . The physical reason for this behavior is that the cloakingresonance pair supporting the dipole-dipole UV Fano resonance is sustained by the localized plasmon residing at the inner spherical interface between the plasmonic (Al) shell and dielectric (Al 2 O 3 ) core. Hence, the peak (point I) and dip (point II) in the scattering response are almost insensitive to the background environment. On the contrary, the broad dipolar resonance at lower frequencies (point III in Fig. 2) is strongly affected by the background material. 12 As a result, the nanoparticles can be embedded in any host medium without significantly affecting the main features and robustness of this "built-in" UV Fano response, which may lead to, e.g., UV tagging applications.
In a realistic scenario, the ideal core-shell geometry that we have described would be modified upon exposure to ambient conditions, since the aluminum outer layer may oxidize and a thin native oxide Al 2 O 3 layer would form around the Al interface. 32, 33 Here, we explore this issue and quantitatively assess the performance of the modified geometry, considering an additional thin layer (1:5 nm) of Al 2 O 3 around the plasmonic outer layer of the core-shell geometry of Fig. 1, as shown in the inset of Fig. 3(b) . The nanoparticle has now three layers and the dimensions are chosen to be: core radius a c1 ¼ 3 nm, middle plasmonic layer radius a c2 ¼ 8:5 nm (same dimensions as in Fig. 1 for a fair comparison) , and outer layer radius a ¼ 10 nm. The calculated normalized SCS for this multilayered nanoparticle is shown in Fig. 3(a) , demonstrating similarly sharp features in the UV range. As expected, the scattering excursion is slightly smaller, and the resonance bandwidth a bit broader compared to the previous case [see Fig. 1(a) ], due mainly to the Ohmic losses of the sapphire outer layer, which dissipates part of the impinging UV radiation, hence reducing the efficiency of plasmon excitation. However, a fairly sharp Fano response is still preserved. Also in this case we assumed a free-space background, but we expect the UV Fano resonance to be almost totally unaffected by a change in host medium, as shown in Fig. 2 .
The fields are still confined inside the nanoparticle and strongly enhanced across the Fano resonance linewidth [ Fig.  3(b) ] when compared to the incident radiation, as shown in the field distributions in the inset of Fig. 3(a) at the wavelengths of the resonant (point I) and cloaking states (point II). The field enhancement is slightly lower compared to the two-layer case shown in Fig. 1(b) , due to the additional thin outer layer of Al 2 O 3 , which strongly affects the surface plasmon localized at the outer spherical interface, as evident by a comparison of the field distributions in Figs. 1 and 3 . However, high enhancement of the electric field is still obtained, especially at the interface between the Al shell and the Al 2 O 3 core, and the field level inside the core is almost the same as before. Note that the abrupt drop in field enhancement in the outer sapphire layer is mainly due to the high value of permittivity of Al 2 O 3 in this frequency region 26 and the continuity of the normal component of the electric displacement vector. These results demonstrate that narrow dipolar Fano resonant features and highly enhanced fields are preserved even after oxidization of the Al shells, which make the proposed composite plasmonic structure appealing for practical realizations and realistic applications.
The scattering signal obtained from an individual plasmonic nanoparticle is small in the far-field, due to its extremely subwavelength dimensions, and for practical purposes collections of such particles would be of more interest to form more complex nanodevices. For this reason, we   FIG. 2 . Sensitivity of the UV Fano resonance to the permittivity e b of the background medium. The nanoparticle has the same dimensions as in Fig. 1 . The narrow resonance, cloaking, and broad dipolar resonance wavelengths are denoted by I, II, and III, respectively. consider next an array of composite nanoparticles, in which the effects of interference between radiated fields may be tailored at will. In Fig. 4(a) , we show a planar array of the proposed plasmonic nanoparticles, which effectively realizes a quasi-homogeneous planar "metasurface." 29, 30 The nanoparticles have parameters, geometry and dimensions as in Fig. 1 and are arranged in a square lattice with periodicity dx ¼ dy ¼ 2:5a, where a is the outer radius of each nanoparticle. Transmission and reflection coefficients of this planarized infinite array are calculated with a fast converging summation, 34 which takes into account the full dynamic coupling among nanoparticles. The amplitude of the resulted reflection and transmission coefficients are plotted in Figs. 4(b) and 4(c), respectively. The proposed "UV-metasurface" provides sharp Fano transmission and reflection features at deep-UV frequencies, similar to the scattering response of the single nanoparticle shown in Fig. 1(a) . It is interesting that the transmission signature resembles electromagneticinduced-transparency (EIT) scattering patterns, 35, 36 with the relevant differences that it is based here on purely dipolar resonances, providing more robustness to loss, and it arises at deep-UV frequencies. We have verified that in the limit of weak coupling, the Fano resonance of the finite array tends to the one of an isolated nanoparticle, as long as the interparticle distance is subwavelength, and grating effects are not present.
Finally, the absorption of the proposed UV nanodevice is calculated from the transmission and reflection coefficients using power conservation, and it is plotted in Fig. 4(d) . Almost 50% of the total absorption is interestingly achieved in a deep-UV frequency window. This behavior is ideal towards the realization of deep-UV photodetectors and solar blinds, for which we need to efficiently isolate the UV frequencies from the impinging solar radiation spectrum. Similar performance will be obtained in case the metasurface is embedded in different background media, as demonstrated in Fig. 2 . Numerous other applications may be envisioned based on the proposed UV-metasurfaces, such as non-lineof-sight communications 37 with such short-wavelength radiation, and efficient UV optical filters independent of background variations may be designed based on the proposed concepts.
To conclude, we have explored the design and performance of a core-shell plasmonic nanoparticle that strongly interacts with the impinging radiation at deep-UV frequencies, allowing strong manipulation of the scattering response. Dipolar UV Fano resonances have been demonstrated based on a single subwavelength composite nanoparticle consisting of an aluminum shell surrounding a sapphire core. Realistic Ohmic losses and the natural oxidization of Al have been taken into full account in our calculations. The described UV scattering response may be tuned to a large degree by altering the size and shape of the structure, providing additional flexibility in the design of the proposed UV optical filters. The collective response of a planar metasurface composed of an array of the proposed plasmonic nanoparticles has been shown to exhibit sharp UV Fano and EIT features in the reflection and transmission coefficients, which may lead to the realization of integrated planarized UV nanodevices with filtering effects. Moreover, the metasurface has been found to achieve almost 50% of absorption in a deep-UV frequency window, an interesting feature, in particular, for energy harvesting and defense applications. The proposed Fano scattering features have been found to be very robust to different dielectric background media. In conclusion, we believe that our findings may extend the reach of plasmonic Fano resonances and other anomalous effects to deep-UV wavelengths. Our results prove that aluminum is an ideal material to sustain localized plasmons at UV frequencies and may lead to the realization of efficient UV plasmonic devices and nanocircuits. 
